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A B S T R A C T
In plant cells, cadmium (Cd) and arsenic (As) exert toxicity mainly by inducing oxidative stress through an
imbalance between the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), and
their detoxification. Nitric oxide (NO) is a RNS acting as signalling molecule coordinating plant development and
stress responses, but also as oxidative stress inducer, depending on its cellular concentration. Peroxisomes are
versatile organelles involved in plant metabolism and signalling, with a role in cellular redox balance thanks to
their antioxidant enzymes, and their RNS (mainly NO) and ROS. This study analysed Cd or As effects on per-
oxisomes, and NO production and distribution in the root system, including primary root (PR) and lateral roots
(LRs). Arabidopsis thaliana wild-type and transgenic plants enabling peroxisomes to be visualized in vivo, through
the expression of the 35S-cyan fluorescent protein fused to the peroxisomal targeting signal1 (PTS1) were used.
Peroxisomal enzymatic activities including the antioxidant catalase, the H2O2-generating glycolate oxidase, and
the hydroxypyruvate reductase, and root system morphology were also evaluated under Cd/As exposure. Results
showed that Cd and As differently modulate these activities, however, catalase activity was inhibited by both.
Moreover, Arabidopsis root system was altered, with the pollutants differently affecting PR growth, but similarly
enhancing LR formation. Only in the PR apex, and not in LR one, Cd more than As caused significant changes in
peroxisome distribution, size, and in peroxisomal NO content. By contrast, neither pollutant caused significant
changes in peroxisomes size and peroxisomal NO content in the LR apex.
1. Introduction
Cadmium (Cd) and arsenic (As) soil contamination has become a
global grave concern, due to the high toxicity, the no-biodegradability,
and the persistence of these pollutants in the environment. In addition
to causing losses in crop production, the bioaccumulation and bio-
magnification of these contaminants in the food chains represent a
potential risk to human health (Ali et al., 2019). Plants, as sessile or-
ganisms, are constantly exposed to these toxic elements, which can
negatively affect their growth and reproduction, eventually leading to
their death (Nagajyoti et al., 2010). Root system is the first part of the
plant to be exposed to toxic elements in the soil. Thus, the capacity of
forming a proper root system, composed of both embryonic, i.e., pri-
mary root (PR) and post-embryonic roots, i.e., lateral roots (LRs), is
fundamental for allowing plants to better cope with adverse environ-
ments, increasing their chance of survival. Cadmium is readily absorbed
by the roots, it enters root cells as Cd2+ via cation channels for divalent
cations or through Zn-specific ZIP transporters (Zare et al., 2018 and
references therein). The heavy metal can be either translocated to aerial
organs through xylem loading, or accumulated in the root cells, anyhow
it leads to reactive oxygen and nitrogen species (ROS and RNS, re-
spectively) production, root and shoot growth inhibition, genotoxicity,
rate of photosynthesis reduction and alteration in the hormonal balance
(Benavides et al., 2005; Fattorini et al., 2017; Huybrechts et al., 2019).
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Arsenic is a naturally occurring metalloid, with the oxidation states As
(III) (arsenite) and As(V) (arsenate) as the most common and toxic
forms in terrestrial environment (Zhao et al., 2009). Arsenate is taken
up by the roots via phosphate transporters and interferes with phos-
phate metabolism, such as phosphorylation and ATP synthesis, gen-
erating oxidative stress and growth inhibition (Garg and Singla, 2011;
Ronzan et al., 2018).
Peroxisomes are highly dynamic organelles actively involved in a
plethora of plant processes, including abiotic stress responses, bio-
synthesis of phytohormones, generation of signalling molecules and
antioxidant enzymes, and ROS/RNS homeostasis among others (Corpas
et al., 2017, ; Corpas et al., 2019a,b; Hu et al., 2012; Sandalio et al.,
2015). Their metabolism, number, size and morphology can change
depending on the cell type, tissue, organism, developmental stage or
environmental cue, such as the abiotic stress (Mano et al., 2002;
Rodríguez-Serrano et al., 2009). In fact, changes in peroxisome number
have been observed in A. thaliana after salt (Fahy et al., 2017), light
(Desai and Hu, 2008), heavy metal (Rodríguez-Serrano et al., 2016) and
H2O2 (Shibata et al., 2013) stresses. However, contradictory results
have been reported regarding the type of changes that occur after stress
exposure, as an increase or decrease in their number (Su et al., 2019
and references therein). In addition, less is known about peroxisome
distribution inside root cells, and the study of their modifications in
response to the heavy metal/metalloid toxicity in terms of distribution
and morphology is lacking.
One of the most important function of peroxisomes is to contribute
in the cellular redox homeostasis by controlling the levels of ROS/RNS,
especially O2•−, H2O2, NO and peroxynitrite (Corpas et al., 2019b and
references therein). On the base of their cellular levels, ROS/RNS may
act either as key molecules in perceiving environmental changes and
triggering cell responses or, on the contrary, as highly reactive oxidant/
nitrating species leading to cellular damages (Corpas et al., 2009;
Sandalio et al., 2015). Peroxisomes can strongly regulate ROS/RNS
levels either by producing or scavenging them, mainly activating the
enzymatic and non-enzymatic antioxidant systems. Among all, catalase
(CAT), glycolate oxidase (GOX) and hydroxypyruvate reductase (HPR)
are typical peroxisome enzymes involved in ROS metabolism and cel-
lular redox balance (Corpas et al., 2017; Yang et al., 2019). Catalase is
the most important antioxidant enzyme, and the most abundant per-
oxisomal antioxidant enzyme (Su et al., 2018), involved in the de-
gradation of the highly ROS H2O2 into H2O and oxygen, and an increase
of its activity, as part of the activation of the antioxidant defence
system, helps plants to cope with several environmental stresses, like
heavy metals (Palma et al., 1987; Zong et al., 2017), salinity (Mittova
et al., 2004) and drought stress (Luna et al., 2004; Horváth et al., 2007;
Signorelli et al., 2013), although a decrease of its activity under some
stress conditions has also been reported (Mittova et al., 2003; Al
Mahmud et al., 2017). Hydroxypyruvate reductase (HPR) and H2O2-
producing glycolate oxidase (GOX) are key enzymes in photorespira-
tion, one of the main metabolic processes controlling cellular redox
homeostasis (Dellero et al., 2016). An enhancement of photorespiration
rate during plant responses to stress conditions results in the production
and accumulation of ROS (especially H2O2) mainly in peroxisomes,
leading to oxidative stress and damage to cellular components (Voss
et al., 2013).
One of the most important RNS is nitric oxide (NO), a gaseous free
radical involved in several plant physiological processes both under
normal and stress conditions (Kolbert et al., 2019 and references
therein). Nitric oxide is produced in various cellular compartments such
as mitochondria, chloroplasts and peroxisomes, as well as in the cytosol
through the activity of nitrate reductase (NR) (Planchet and Kaiser,
2006). The presence of NO in peroxisomes has been corroborated by
complementary techniques such as electron paramagnetic resonance
spectroscopy using the spin trap Fe(MGD)2 and fluorometric analysis
with different fluorescence probes such as DAF-2 DA (Corpas et al.,
2004). This peroxisomal NO seems to be generated by an L-arginine-
dependent NO synthase (NOS)-like activity using NADPH as electron
donor (Corpas et al., 2004; Corpas and Barroso, 2014).
Cellular NO generation has been found to provoke both beneficial
and harmful effects, which depend predominantly on its local con-
centration, site of synthesis, spatial generation pattern, interaction with
other molecules, and balance between its concentration and ROS along
with antioxidant systems (Correa-Aragunde et al., 2015). Supporting
this, it has been reported that the NO accumulation in A. thaliana PR,
due to Cd exposure, contributes to the heavy metal-mediated inhibition
of the root growth (Yuan and Huang, 2016), while, on the other hand,
several studies pointed out the role of NO as a key signal molecule
during root system formation and development, both in control and
stress conditions (Schlicht et al., 2013; Correa-Aragunde et al., 2016).
Although several studies demonstrated the role of peroxisomal NO in a
plethora of physiological functions, as well as in the mechanism of re-
sponse to abiotic stress conditions (Corpas et al., 2017 and references
therein), less is known about peroxisome distribution inside root cells
and tissues, and their modifications in response to the heavy metal/
metalloid toxicity in terms of distribution, morphology and NO pro-
duction (Nabi et al., 2019). Moreover, it is unknown whether, in the
same root system, roots of different origin and with a different growth
pattern, i.e. indeterminate for the embryonic PRs, and determinate for
the post-embryonic LRs, react differently to Cd- and As-induced stresses
in terms of peroxisome/NO behaviour.
Consequently, in this work, we evaluated the effects of 60 μM CdCl2
or KH2AsO4, on the A. thaliana root system, particularly focusing on the
response of peroxisomes in terms of their distribution and morphology
in root cells, NO homeostasis and activity of some enzymes involved in
ROS metabolism and in cellular redox balance. The ultimate goal was to
assess whether the damage caused by Cd or As to the root architecture
involved damage to peroxisomes and their metabolism. To this aim, A.
thaliana wild type and transgenic plants expressing cyan fluorescent
protein (CFP) fused to the type 1 peroxisomal-targeting signal (PTS1; CFP-
PTS1) (Nelson et al., 2007), which enables peroxisomes to be visualized
in vivo, were analysed with confocal laser scanning microscopy (CLSM)
technique after heavy metal/metalloid treatments. The activities of
CAT, GOX and HPR enzymes in response to treatments were also
evaluated.
2. Materials and methods
2.1. Plant materials and growth conditions
One hundred fifty seeds of A. thaliana (L.) Heynh ecotype Columbia
(Col, wild type, WT) and of transgenic plants expressing cyan fluor-
escent protein (CFP) fused to the peroxisomal targeting signal 1 (PTS1)
under the control of the 35S promoter (CFP-PTS1) (Nelson et al., 2007)
were surface sterilized for 5 min in a solution of 70% ethanol containing
0.1% SDS, then placed for 20 min in sterile water containing 20%
bleach and 0.1% SDS, and then washed four times in sterile water.
Afterwards, the seeds were sown on a medium containing full-strength
Murashige and Skoog (Murashige and Skoog, 1962) (Sigma-Aldrich),
1% sucrose and 0.8% agar, at pH 5.6–5.8, supplemented or not (Con-
trol) with 60 μM CdCl2 (Cd) or 60 μM KH2AsO4, (As) and kept at 4 °C in
the dark for 2 days for vernalization. Cadmium level was chosen on the
basis of both our preliminary results and of the results obtained by Yuan
and Huang (2016). The As concentration was selected on the base of
our preliminary unpublished data and, in particular, the concentration
of 60 μM KH2AsO4 was chosen because it causes damage to Arabidopsis
plants but it does not completely inhibit the growth of the root system.
Then, the plates were vertically incubated at long-day conditions
(16 h light/8 h dark and 22 °C day/18 °C night) for 12 days. The light
intensity was 100 μE m−2 s−1.
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2.2. Plant crude extracts and enzyme activity assays
One hundred and fifty 12-d-old Col seedlings grown in the presence
or not of 60 μM CdCl2 (Cd) or to 60 μM KH2AsO4 (As) were collected,
ground with liquid nitrogen in pre-chilled mortars and pestles. The
powder was suspended in a 5.104 μM Tris-HCl (pH 7.8, ratio 1:4; w/v)
buffer containing 100 μM EDTA, 0.2% (v/v), Triton X-100 and 10% (v/
v) glycerol. The homogenates were filtered and centrifuged at 27,000 g
for 20 min and the supernatants were collected and used for the en-
zymatic assays.
The activity of CAT (EC 1.11.1.6) was spectrophotometrically esti-
mated according to the method of Aebi (1984), by following the dis-
appearance of H2O2 at 240 nm for 2 min at 25 °C. The reaction mixture
contained 50 mM phosphate buffer (pH 7.0), 10.6 mM H2O2 and plant
extract.
Glycolate oxidase (EC 1.1.3.1) activity was also determined spec-
trophotometrically by means of the formation of a glyoxylate-phe-
nylhydrazone complex at 324 nm for 3 min at 25 °C in a reaction
mixture containing 50 mM phosphate buffer (pH 8.0), 3 mM EDTA,
10 mM phenylhydrazine hydrochloride, 5 mM glycolic acid and plant
extract (Kerr and Groves, 1975). Lastly, NADH-dependent hydro-
xypyruvate reductase (HPR; EC 1.1.1.29) activity was measured ac-
cording to Schwitzguebel and Siegenthaler (1984) by monitoring the
NADH oxidation at 340 nm.
Protein content was determined at 595 nm using the Bio-Rad pro-
tein assay (Hercules, CA), using a bovine serum albumin solution to
prepare the standard curve.
2.3. Morphological and histological analyses of A. thaliana root system
Primary root length (PRL), lateral root length (LRL) and lateral root
density (LRD) were evaluated in fifteen A. thaliana (WT) and CFP-PTS1
seedlings per treatment and expressed in cm and mean number cm−1
(± SE), respectively. The plates containing the seedlings were scanned
at 1200 dpi with Epson Perfection 2450 using Vuescan 9.0.94 software
and morphologically analysed with RootNav image analysis tool
(University of Nottingham, Ver. 1.8.1, 64-bit) (Pound et al., 2013).
Primary roots and LRs were also treated with chloral hydrate solution
(Weigel and Glazebrook, 2002), mounted on microscope slides and
observed with Nomarski optics applied to a Leica DMRB optical mi-
croscope equipped with a Leica DC 500 camera.
Further, PRs and LRs were fixed, dehydrated, embedded in
Technovit 7100 (Heraeus Kulzer, Germany), transversally sectioned
(8 μm thickness) using the Microm HM 350 SV microtome
(Microm,Walldorf, Germany), and stained with 0.05% toluidine blue
according to Della Rovere et al. (2013). Histological sections were ob-
served with a Leica DMRB microscope and the images acquired with a
DC500 camera (Leica, Wetzlar, Germany).
2.4. Detection of NO in the root system of CFP-PTS1 transgenic seedlings
using CLSM
For NO detection, fifteen Arabidopsis roots, taken from 12-days old
CFP-PTS1 seedlings grown in the presence or not of Cd or As, were
incubated with 10 μM of the fluorescent probe 4-Amino-5-methyla-
mino-2′,7′-difluorescein diacetate (DAF-FM DA, Calbiochem) prepared
in 10 mM Tris-HCl (pH 7.4), for 1 h in darkness at room temperature
(Corpas et al., 2006; Corpas and Barroso, 2014). The roots were then
washed and left in the same buffer overnight to remove the excess of the
probe, and afterwards mounted on a microscope slide and observed
with a confocal laser scanning microscope (CLSM, Nikon C-1) using
standard filters and collection modalities for CFP (excitation 433 nm;
emission 475 nm). Fifteen roots per treatment were analysed. Each root
was processed by CLSM obtaining an image resulting from 6 sections
moving along Z axis at specific micrometric distances ranging from
13.25 to 17.7 μm depending on the magnification used. The images
obtained were processed and the NO relative fluorescence quantified
using ImageJ 1.52n software (https://imagej.nih.gov/ij). Nitric oxide
fluorescence was acquired in red colour to avoid overlap with peroxi-
some signal that was in green colour.
Root peroxisomal NO was detected by merging the signals of CFP-
PTS1 construct (green spots) and DAF-FM DA (red spots) in the same
field and analysing the resulting co-localization of the two fluorescence
punctates. The images were acquired with a high magnification of the
CLSM.
Considering that there is not overlap between the excitation/emis-
sion wavelengths of CFP (excitation 433 nm; emission 475 nm) and
DAF-FM DA (excitation 495 nm and emission 515 nm) this allowed us
to detect peroxisomal NO without artefacts due to the use of fluor-
ochromes (Corpas et al., 2014).
2.5. Detection of NO and propidium iodide signal in the root system of wild-
type seedlings using structured illumination technique
Nitric oxide signal was also observed in wild type PR apex, taken
from 12-days old Col seedlings grown in the presence or not of Cd or As,
after incubation with 10 μM of the fluorescent probe 4-amino-5-me-
thylamino-2′,7′-difluorescein diacetate (DAF-FM DA, Calbiochem)
solved in 10 mM Tris-HCl (pH 7.4), for 1 h in darkness at room tem-
perature (Corpas et al., 2006; Corpas and Barroso, 2014). The roots
were washed and mounted on a microscope slide, observed and the
images acquired with an Axio Imager M2 fluorescence microscope
(Zeiss, Germany) motorized on the 3 axes using filters with excitation at
BP455-495 nm and emission at BP505-555 nm. The NO signal was in
green colour.
The same root apices, used for NO detection, were also incubated
for 5 min at room temperature with 15 μM of propidium iodide (PI)
solution (Sigma) to evaluate cell death (Jones et al., 2016) and ob-
served with a PI filter set (excitation BP510-560; emission LP590). Dead
cells are in red color. The co-localization of the two fluorescence signals
was set up.
Image z-stack scanning was performed with an Axiocam 512 (Zeiss)
monochromatic camera and Apotome 2 (Zeiss) as fringe projection
module used to remove the out of focus signal, to increase the sharp-
ness, the contrast and the image resolution in the axial direction
(structured illumination). Single plane images were obtained as Z-stack
maximum projection using Zen 2.5 (Zeiss) image analysis software.
2.6. Detection of CFP-PTS1 signal and analysis of peroxisomes number and
size in the roots
Peroxisomes were observed in fifteen roots of CFP-PTS1 seedlings
treated or not with Cd or As by CLSM as reported. Peroxisome size and
number in the root tips were measured through the analysis of high
magnification CLSM images using the Analyze Particles and the Find
Maxima algorithms implemented in ImageJ 1.52n software and ex-
pressed as average size (μm2) and as mean number (10 μm2)−1, re-
spectively. In order to better visualize peroxisome distribution and size
inside root cells, CFP-PTS1 roots treated or not with the pollutants were
also stained with PI at 10 μg/ml in water for 5 min at room temperature
and then observed under CLSM, with excitation/emission wavelengths
of 597/637 nm. A representative workflow and image processing ana-
lysis with ImageJ 1.52n to get peroxisome number and size in the roots
were respectively reported in Supplementary material S1 and S2.
2.7. Statistical analysis
The data were subjected to one-way analysis of variance (ANOVA)
followed by Tukey's post-test through GraphPad Prism 6.07 software.
Data represented in the table and figures are means of three replicates
for each treatment.
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3. Results
3.1. Cadmium and arsenic alter peroxisomal enzyme activities
In order to investigate the effects of 60 μM CdCl2 (Cd) or 60 μM
KH2AsO4 (As) on peroxisomal metabolism, the activity of three perox-
isomal enzymes, the antioxidant catalase (CAT) and the two photo-
respiratory enzymes, H2O2-generating glycolate oxidase (GOX) and
NADH-dependent hydroxypyruvate reductase (HPR) were analysed
(Fig. 1).
Results showed that these enzyme activities in Arabidopsis seedlings
grown in the presence of either Cd or As exhibited different modula-
tions. In particular, CAT activity was significantly, and similarly, in-
hibited by both pollutants (between 35 and 42%) (Fig. 1 A). Contrary,
both Cd and As triggered a significant increase of HPR activity, by 20%
and 14% respectively in comparison to the Control seedlings (Fig. 1 B).
Lastly, As treatment did not change GOX activity in comparison with
the Control, while Cd significantly increased it (Fig. 1C).
These results pointed out that Cd and As differentially modulated
the metabolism of peroxisomes by altering the activity of the analysed
peroxisomal enzymes.
Considering that the roots are the target of Cd and As toxicity we
decided to deepen the study of the effects of these pollutants on per-
oxisome distribution and metabolism in the root system.
3.2. Morphological effects of Cd or As on A. thaliana root system
The effects of Cd or As in the root system of A. thaliana, Col (wild
type, WT) and transgenic (CFP-PTS1) seedlings were investigated,
through a morphological analysis, on primary (PR) and lateral (LR)
roots after 12 days of exposure to the pollutants, and the results were
compared with those in the roots of the untreated seedlings (Control)
(Fig. 2). The morphological data were obtained by the employment of
the semi-automated software RootNav V1.8.1, because it represents a
powerful tool to get detailed data about root architecture.
The effects of Cd and As on root morphology of CFP-PTS1 seedlings
were similar to those observed in the WT, thus only the data of the WT
line are shown.
Exposure to Cd or As differently affected Arabidopsis PR growth,
while caused similar effects on the lateral root length (LRL) and the
lateral root density (LRD). Indeed, Cd inhibited (P < 0.001)
Arabidopsis PR length by approx. 39% compared to the Control,
whereas As significantly (P < 0.001) increased it (Fig. 2A–D). By
contrast, both Cd and As induced a significant increase in LRD
(Fig. 2D–E). However, many LRs remained at the lateral root pri-
mordium (LRP) stage under Cd treatment (Fig. 2 C, Inset). Altogether,
morphological data indicate that both Cd and As induce alterations in
the root system of A. thaliana, with different effects on the PR, and quite
similar effects on the LRs.
3.3. Peroxisomes and NO distribution in A. thaliana primary and lateral
roots is similar
The distribution of peroxisomes in the cells of LRs and PRs was
evaluated as green spherical spots in CFP-PTS1 seedlings by CLSM
(Fig. 3 A, C, E, G). Results showed that both PRs and LRs exhibit a
similar distribution of the peroxisome signal in the different regions of
the organ (Fig. 3 A, C, E, G). Indeed, a weak CFP-PTS1 signal was
present in all the tissues of the differentiated regions of both root types
(Fig. 3 A, E, Insets). However, moving from the differentiated zones
towards the elongation and meristematic zones of PRs and LRs, the CFP-
PTS1 signal increased in all cells (Fig. 3 A, C, E, G), reaching the
strongest intensity in the root meristem and cap cells (Fig. 3 C, G).
To detect NO localization in both root types, CFP-PTS1 PRs and LRs
were incubated with the fluorescence probe DAF-FM DA, which pre-
viously has been demonstrated to be a useful tool to detect and visualize
the endogenous NO by CLSM in the different organs of different plant
species (Corpas et al., 2006; Valderrama et al., 2007) (Fig. 3 B, D, F, H).
As for the peroxisome signal, CLSM analysis showed that the pattern of
NO distribution was similar in both PRs and LRs (Fig. 3 B, D and F, H, in
comparison). In the differentiated zones of PRs and LRs the NO signal
was weak in the vascular system and cortical parenchyma, but high in
the rhizodermis (Fig. 3 B, F, Insets). In the elongation region of PR and
LRs, NO signal decreased in all tissues, but mainly in the differentiating
cortical parenchyma cells (Fig. 3 B, F). Finally, a weak signal was ob-
served in the root apical meristem of both organ types (Fig. 3 B, F,
arrowheads). An analysis at higher magnification showed that it was
mainly localized in the root cap cells (Fig. 3 D and H).
To verify whether the peroxisomes were sources of NO in both LRs
and PRs, the images showing NO as red spots (Fig. 4 A-C, arrowheads)
and those showing peroxisomes as green spots (Fig. 4 D-F, arrowheads)
were merged (Fig. 4G–I). When the green and the red spots co-localized,
giving a yellow signal, we assumed that the NO production had a
peroxisomal origin (Fig. 4 G-I, arrows and Insets).
The analysis was carried out in the apex of the PRs (Fig. 4 A, D), in
the LR primordia (LRPs) formed in the mature zone of the PR (Fig. 4 B,
E), and in the apex of the LRs (Fig. 4 C, F). The merge of images showed
a very high overlapping of the two fluorescence punctates in the PR and
in the LR apices and a high in the LRP (Fig. 4 G-I, Insets, arrows). On the
contrary, a low overlapping of the two fluorescence punctates was
observed in the PR mature zone near the LRP emergence, such as in the
differentiated region of the LR (Fig. 4H–I).
These results demonstrated that both PRs and LRs have an analo-
gous peroxisome and NO distribution, whose changes depend on the
different region of the root. In this sense, PR and LR apex seems to be
the most active zone for overlapping spots. In addition, the merging
analysis demonstrated that peroxisomes are a source of NO in A.
thaliana PR and LRs, and especially in their apices, including those of
the LRPs.
Fig. 1. Peroxisomal enzyme activities in 12-d-old Arabidopsis thaliana (Col) seedlings grown in MS medium not supplemented and supplemented with either 60 μM
CdCl2 (Cd) or 60 μM KH2AsO4 (As). A, Catalase (CAT) activity, expressed as μmol H2O2 min−1 mg−1 protein. B, hydroxypyruvate reductase (HPR) activity, expressed
as nmol NADH min−1 mg−1 protein. C, Glycolate oxidase (GOX) activity, expressed as μmol glyoxylate phenylhydrazone min−1 mg−1 protein. Letter a shows
statistical difference at least at P < 0.05 with respect to the other treatments. Letter b shows statistical difference at P < 0.01 level with respect to Cd. Columns
followed by no letter are not significantly different. Data are means (± SE) of three technical replicates.
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3.4. Cadmium and As affect NO distribution in A. thaliana primary roots,
but not in lateral roots
To verify whether Cd or As led to alterations in NO levels and dis-
tribution, the signal of the NO- fluorescent probe DAF-FM DA was in-
vestigated in both PR and LRs of CFP-PTS1 seedlings after exposure to
the heavy metal or the metalloid, and the NO fluorescence intensity
quantified by using the ImageJ 1.52n software (Fig. 5).
The results showed that Cd significantly (P < 0.001, i.e. by approx.
45%) reduced the intensity of the NO fluorescence in the PR in com-
parison with that observed in the Control, but, surprisingly, not in the
LRs (Fig. 5A–H). The As weakly, even if still significantly (P < 0.05),
reduced NO signal in PR, but, as for Cd, did not cause significant
changes in the LRs (Fig. 5A–H).
In addition, PRs and LRs exposed to Cd also showed an altered NO
distribution pattern, with tissue differentiation occurring near the apex,
and an intense and localized NO signal in the rhizodermis and hairs, in
particular (Fig. 5 C, F).
Overall, these results indicate that Cd, more than As, reduce the NO
level in PR of Arabidopsis seedlings, but not in the LR, even if in both
root types Cd, and not As, alters NO distribution pattern.
3.5. Cadmium and As strongly reduce peroxisome distribution and
peroxisomal NO production in the primary root but less in the lateral root
To investigate the consequences of Cd or As treatments on peroxi-
some distribution in the Arabidopsis root system, we studied the effects
of these pollutants in both PR and LRs of the CFP-PTS1 seedlings, and
quantified the CFP-PTS1 fluorescence intensity and distribution using
ImageJ 1.52n software (Fig. 6).
Arabidopsis PRs grown in the presence of Cd or As showed a sig-
nificant (P < 0.01) reduction of the peroxisome signal intensity in
comparison with the Control by 46% and 37%, respectively (Fig. 6 A-C,
G). In addition, Cd significantly inhibited the CFP-PTS1 significantly
(P < 0.01), and reduced peroxisome signal in the LRs (Fig. 6 D, E, H).
Based on these results, we decided to focus further studies on the
effects of Cd and As on NO production and peroxisome distribution in
the apical region of both PRs and LRs. Peroxisomal NO production in
vivo, after Cd or As treatments, was also detected by the analysis of
merged images showing peroxisome and NO signal in the same regions
of Arabidopsis CFP-PTS1 PR and LR apices, after incubation with the
DAF-FM DA probe (Fig. 7 A-C and G-I, arrows). The presence of an
overlap between the two fluorescence punctates resulted into orange-
yellow spots (Fig. 7 D-F and J-F, arrows). Results indicated that both Cd
and As treatments altered peroxisomal NO accumulation in the tip of
the PR of Arabidopsis seedlings, as shown by the reduction of the co-
localized fluorescence punctates compared to the Control (Fig. 7 D-F,
arrows). Notably, no difference in the number of co-localized fluores-
cence punctates was detected in the apices of the LRs exposed to both
toxic elements with respect to those observed in the Control (Fig. 7 J-L,
arrows).
Moreover, changes in peroxisome size and number in the apices of
PRs and LRs of Arabidopsis seedlings grown in the presence of Cd or As
were evaluated by measuring their size and by counting them using the
commonly described “Analyze Particles” and ‘‘Find Maxima’’ auto-
mated tools of ImageJ 1.52n software (Fig. 8). A representative example
of image processing which allows to quantify peroxisome size and
number through these functions of the ImageJ 1.52n software is re-
ported in Supplementary material S1 and S2.
Arabidopsis Cd-treated PRs showed a significant reduction of per-
oxisome number (P < 0.05) and at the same time a significant
(P < 0.01) increase of their size compared to the Control, while no
significant change was observed either in the number or in the di-
mensions of the peroxisomes in the LRs (Fig. 8 A, B, D, Insets in B, D).
Arsenic did not change significantly peroxisome number and size both
in the PRs and the LRs (Fig. 8 A, C, Inset in C).
Taken together, these results indicate that Cd and As alter peroxi-
some distribution and size, and peroxisomal NO production in A.
Fig. 2. Representative pictures of 12-d-old Arabidopsis thaliana (Col) seedlings grown in Murashige and Skoog medium not supplemented (panel A) and supplemented
with either 60 μM KH2AsO4 (As) (panel B) or 60 μM CdCl2 (Cd) (panel C, inset). Bars = 100 μm (inset in C), 1 cm (A-C). D-E, Means values (± SE) of primary and
lateral roots length (D) and density of lateral root primordia (LRPs) and elongated lateral roots (LRs) (E) in Col seedlings exposed or not to As or Cd. Letters a and b
show statistical differences (P < 0.01) within the same root type. Letter c shows statistical differences at least at P < 0.05 among the different treatments. Columns
followed by no letter are not significantly different. N = 30.
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Fig. 3. Representative images illustrating the
CLSM in vivo detection of peroxisomes (green
colour) and NO (red colour) in primary and
lateral roots of 12-d-old Arabidopsis seedlings
expressing CFP-PTS1 grown in Control condi-
tions. Panels A to D correspond to primary root
(PR). Panels E to H correspond to lateral root
(LR). Each picture was the result of the super-
position of 6 Arabidopsis root sections analysed
by CLSM. Inset below in panel A and inset top in
panel E show histological transections of PR and
LR, respectively. rh, rhizodermis; cp, cortical
parenchyma; en, endodermis. Bars = 5 μm (in-
sets in A, B, E, F), 20 μm (C, D, G, H), 100 μm
(A, B, E, F). (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)
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thaliana root system, with the PR as the specific target, and with Cd
being more toxic than As for peroxisome distribution, size and NO
content.
4. Discussion
4.1. Peroxisomes present in the apices of Arabidopsis PR and LRs are
endogenous site source of NO
The data show that PRs and LRs have a comparable peroxisome and
NO distribution, whose changes depend on the different region of the
Arabidopsis root, and with the apex as the organ-zone richest in per-
oxisomes. In addition, peroxisomes are source of NO production, as
shown by fluorescence merging analysis, independently of their pre-
sence in roots of embryonic (PR) or post-embryonic (LR) origin. It is
known that most of peroxisomal matrix proteins have a C-terminal
PTS1, and that must be imported in the organelle by the activity of a
specific interacting receptor for this targeting signal (Reumann et al.,
2007; Baker et al., 2016; Pan et al., 2019). By the use of transgenic
plants expressing the cyan fluorescent protein (CFP) fused to the PTS1
we can confirm that peroxisomes of Arabidopsis roots accumulate NO in
vivo, and with the same pattern of distribution in the PR and LRs.
Furthermore, a more in-depth analysis indicates that a low peroxisomal
density occurs in the cells of the differentiated zones with respect to the
meristematic cells of the root apex and to the cells of the root cap, in
particular. As reported, the signal of peroxisomes, detected by ana-
lyzing CFP-PTS1 line, is in the form of fluorescent spots. Thus, in the
meristematic vs differentiated cells, regardless of their cell size, an in-
crease in the number of fluorescent points represents with a high
probability a greater number of fluorescent sources, i.e. peroxisomes.
This means that the apical meristem needs peroxisomal functions under
unstressed conditions, as also previously observed for the PR apex
(Corpas et al., 2009). The observed high density of peroxisomes might
be related to the known peroxisomal involvement in the production of
phytohormones (e.g., auxins and jasmonates), which are necessary for
the apical meristem functioning and maintenance (Corpas and Barroso,
2018, Schlicht et al., 2013, Della Rovere et al., 2013, 2015). Moreover,
based on the peroxisome functioning in counteracting ROS production,
the high density of peroxisomes in the apex might be interpreted as a
mechanism of cytoprotection of the meristem cells against cellular ROS
for maintaining their correct functionality, which is essential for a
normal organ growth and tissue differentiation. In addition, it is known
that the root cap cells undergo programmed cell death (PCD) before
peeling off from the apex, and that the ROS produced in the peroxi-
somes play an important role in executing PCD (Fahy et al., 2017). Also
in our experiments, events of PCD were detected in the cap cells, and in
Fig. 4. Representative images illustrating the
CLSM in vivo detection of NO (red colour) and
peroxisomes (green colour) in primary (PR, A,
D, arrowheads), lateral root primordium (LRP,
B, E, arrowheads) and lateral roots (LR, C,F,
arrowheads) of 12-d-old Arabidopsis seedlings
expressing CFP-PTS1 grown in Control condi-
tions. G-I, merged images of the PR apex (G), PR
mature zone with emerging LRP (H) and LR (I)
showing co-localized fluorescence punctates
(yellow, arrows) Each picture was the result of
the superposition of 6 Arabidopsis root sections
analysed by CLSM. Bars = 5 μm (inset in G-I),
20 μm (A-I). (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)
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the treated/untreated roots (Supplementary material S3). The differ-
entiating cap cells also showed high peroxisome density and NO levels
(Figs. 7–8, Supplementary material S3), possibly needed for sustaining
in time ROS production and for signalling the PCD execution-time.
Moreover, we observed that peroxisome density and NO levels de-
creased simultaneously with the start of PCD, and the As or Cd treat-
ments anticipated these decreases, corroborating the role of peroxisome
and its activity in PCD, but also highlighting that this organelle as a
target of the pollutants (Supplementary material S3).
Moreover, we not only show high levels of NO in the cap cells which
are preparing to death, but also an overlapping of NO and peroxisome
signal in all the other apical cells of PR/LRs. This suggests that the NO
produced by the meristem cells might be necessary for generating a
nitrosative stress useful for PR/LR apical growth under normal condi-
tions. In accordance, experimental evidence has been previously pro-
vided showing that NO production in Arabidopsis PR under normal
conditions generates nitrosative stress by peroxynitrite (ONOO-) pro-
duction (Corpas et al., 2009; Corpas and Barroso, 2014). Thus the
present merging analysis demonstrates that peroxisomes are a source of
NO in A. thaliana PR and in LRs and especially in their apices, thus
contributing to the homeostatic control of NO in the root cells.
The CLSM analysis also showed that cellular NO was high in the
rhizodermis of the mature root zone, where, however, there was quite
no merging between peroxisomes and NO. Probably NO was high to
sustain the polarized growth of the rhizodermal cells leading to hair
formation, as also previously reported (Lombardo and Lamattina,
2018), but with no or a weak role of the NO produced by the peroxi-
somes in this process.
4.2. Cd and As can change the metabolism of peroxisomes and NO levels
and distribution with the PR apex as the main target
Present morphological data indicate that both Cd and As induce
alterations in the root system of A. thaliana, with different effects on the
PR, and quite similar effects on the LRs. Cadmium and As alter perox-
isomal ROS metabolism and NO production, with the PR apex as their
main target, and with Cd more toxic than As. Negative effects of As (V)
concentrations higher than that here used are known for the
Arabidopsis roots (Leterrier et al., 2012; Fattorini et al., 2017), it is thus
possible that the tested concentration (60 μM KH2AsO4) is not sufficient
for causing important growth alterations, differently from Cd. It is also
possible that the phosphate, present in the MS salt, interferes with the
arsenate uptake, reducing the amount of As that accumulates in plant
tissues, although it must be excluded that As uptake is completely in-
hibited as demonstrated in different plants, including Arabidopsis
(Zanella et al., 2016; Ji et al., 2017). In fact, some effects were induced
by this As level, i.e. a weak, but significant reduction in NO content and
peroxisome fluorescence in the whole PR, and an important reduction
in CAT activity in the whole seedling. These effects might indicate an
As-induced stress in the PR causing a peroxisome reduction by pex-
ophagy, a specialized form of autophagy (Lee et al., 2014; Young and
Bartel, 2016), and, consequently, a reduction in peroxisome activities in
the whole seedling. In accordance, events of pexophagy, mediated by
CAT inhibition, are known in plant (Shibata et al., 2013) and animal
systems (Lee et al., 2018). However, the PR apex did not show a re-
duction in peroxisome number, excluding pexophagy events in its cells,
with this possibly resulting into a regular apex activity, and even an
Fig. 5. Representative images illustrating
the CLSM in vivo detection of NO (red
colour) in primary (PR, A-C) and lateral
roots (LR, D-F) of 12-d-old Arabidopsis
seedlings expressing CFP-PTS1 grown in the
absence (Control) or presence or of 60
CdCl2 (Cd) or 60 μM KH2AsO4 (As). Each
picture was the result of the superposition
of 6 Arabidopsis root sections analysed by
CLSM. Bars = 100 μm. G-H, mean fluores-
cence intensity (± SE) of the CFP-PTS1
signal in PRs (G) and LRs (H). Letter a,
statistically difference with respect to the
other treatments for at least P < 0.05.
Letter b, P < 0.001 difference with respect
to As treatment. Columns followed by no
letter are not significantly different.
N = 15. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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increase in the PR apex-governed elongation as a growth adaptive re-
sponse, as in fact is observed.
By contrast, at the tested concentration (60 μM CdCl2), Cd reduced
PR length. This effect has been already documented in literature. In
fact, it has been observed that PR elongation in Arabidopsis is inhibited
after exposure to CdCl2, with a progressive reduction in elongation from
50 to 150 μM CdCl2 exposure (Yuan and Huang, 2016; Bruno et al.,
2017), and that Cd toxicity depends on the impact on the quiescent
centre (QC) of the embryonic in origin roots, such as in the PR apex of
Arabidopsis or in embryonic adventitious root apices of rice (Bruno
et al., 2017; Fattorini et al., 2017; Ronzan et al., 2018). Moreover, Cd-
treated PRs are also known to exhibit a reduction of cap peripheral cells
and delayed differentiation of the columella, with all these changes
linked to an impairment of auxin accumulation at the apex, which in
turn negatively affects the meristem activity (Yuan and Huang, 2016;
Bruno et al., 2017). In accordance, we suppose that the observed Cd-
caused reduction in PR elongation may be due to an altered QC, and
related auxin accumulation, with this impairing the regular growth of
the PR, as occurs for LRs and adventitious roots of the same plant
(Fattorini et al., 2017). Moreover, a negative correlation among NO
levels, auxin transport and root meristem activity has been also re-
ported by Fernández-Marcos et al. (2011).
It has been also reported the NO participates in Cd-mediated
inhibition of the PR apical meristem maintenance by reducing the ac-
tivation of auxin signalling through a NO accumulation (Yuan and
Huang, 2016). Moreover, under Cd (150 mM) stress, NO increases in
Arabidopsis and is localized in peroxisomes and cytosol, participating in
the generation of the nitro-oxidative stress caused by this heavy metal
(Corpas and Barroso, 2014). In contrast, present results show that Cd
reduced the NO content in the PR in comparison with the untreated
Arabidopsis seedling but altered NO tissue-distribution pattern. Also
peroxisome density was negatively affected by Cd, and the merging
fluorescence analysis revealed that the Cd-induced reduction of cellular
NO involved peroxisomes, and a reduction in peroxisome number and
peroxisomal NO content. Consistently with these results, Cd changed
the metabolism of peroxisomes by altering the activity of key perox-
isomal enzymes (CAT, HPR and GOX) involved in cellular redox
homeostasis and ROS metabolism. As reported, CAT is the most abun-
dant peroxisomal antioxidant enzyme (Su et al., 2018) and a change in
its activity highlights that the oxidative status of the peroxisome is af-
fected. In our case, both Cd and As provoked a lower CAT activity,
therefore a higher H2O2 content could be expected, sustaining the ne-
gative effects of the heavy metal and metalloid on peroxisome meta-
bolism. Moreover both the other enzymes analysed, even if it are
mainly involved in photorespiration, are differently modulated in the
plant. In fact, whereas HPR activity increased with As, the GOX was
Fig. 6. Representative images illustrating the CLSM in vivo detection of peroxisome (green colour) in primary (PR, A-C) and lateral roots (LR, D-F) of 12-d-old
Arabidopsis seedlings expressing CFP-PTS1 grown in the absence (Control) or presence or of 60 μM CdCl2 (Cd) or 60 μM KH2AsO4 (As). Each picture was the result of
the superposition of 6 Arabidopsis root sections analysed by CLSM. Bars = 100 μm. G-H, mean fluorescence intensity (± SE) of the CFP-PTS1 signal in PRs (G) and
LRs (H). Letter a, P < 0.01 difference with respect to the other treatments. Letter b, P < 0.01 difference with respect to Cd. Letter c, P<0.01with respect to Cd.
Columns followed by no letter or by the same letter are not significantly different. N = 15. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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only affected with Cd, suggesting that the pollutants affected in dif-
ferent way their function in the peroxisomes. Considering that there is
no antioxidant specific marker for peroxisomes in roots (Xu et al.,
2015), that HPR and GOX have typical functions in the aerial organs,
that the first and most intense damages caused by pollutants occur in
the roots, our data show that the perception of the pollutants results
into alterations in the peroxisomal antioxidant pool which start from
the roots.
Taken together, results show that an adequate content of perox-
isomal NO is necessary to the PR normal functioning, and that a re-
duction in peroxisomal NO production disturbs the apical meristem
activity. This means that an adequate peroxisomal NO production
might be necessary for normal development, but also for alleviating Cd
toxicity in the PR apex. In accordance, under aluminium stress, NO
alleviates aluminium repressed root elongation in the root apices of rye
and wheat (He et al., 2012). We observed that LR formation was sti-
mulated by Cd, even if many LRs remained at the LRP stage. In ac-
cordance, Cd increased LR and adventitious root density in Arabidopsis,
and blocked growth at the primordium stage, when applied as CdSO4 at
the same 60 μM concentration (Fattorini et al., 2017). The enhance-
ment of LR formation by Cd may be interpreted as a plant adaptive and
acclimation strategy to the pollutant. Even if the few elongated LRs
showed a Cd-induced reduction in peroxisome signal, as the PR, it is in
fact notably that no appreciably change compared with the untreated
Arabidopsis seedling occurred either in the peroxisome number or in
the dimensions of the peroxisomes in the apices of the LRs/LRPs in
response to the pollutant, and no reduction in NO content. However,
the observation that many LRs remained at the primordium stage, i.e.
were unable to elongate, may be due to a dysfunction of their QC
caused by a disruption of auxin biosynthesis and transport by Cd, in
accordance with previous observations with 60 μM CdSO4 (Fattorini
et al., 2017). Further research is necessary to clarify the relationship
between peroxisomal NO production and QC activities in Arabidopsis
LR apices in response to Cd and other soil pollutants.
5. Conclusions
At the tested concentration, Cd toxicity is higher that As toxicity.
Moreover, Cd compromises the indeterminate growth pattern governed
by PR apex, and from which PR regular elongation depends, by altering
peroxisome distribution, size and biochemical activity, including per-
oxisomal NO production. The behaviour of the LRs and LRPs under both
pollutants is different from that of the PR. In fact, Cd compromises the
indeterminate growth pattern governed by PR apex, and from which PR
regular elongation depends, by altering peroxisome distribution, size
and biochemical activity, including peroxisomal NO production.
However, the heavy metal increases LRP formation even if a lot of
primordia fail to develop into elongated roots. This seems sufficient for
Fig. 7. Representative images illustrating
the CLSM in vivo detection of peroxisome
(green colour) and NO (red colour) in pri-
mary (PR, A-C) and lateral roots (LR, G-I) of
12-d-old Arabidopsis seedlings expressing
CFP-PTS1 grown in the absence (Control) or
presence or of 60 μM CdCl2 (Cd) or 60 μM
KH2AsO4 (As). D-F, merged images of PR
apices of Control, Cd and As showing co-
localized fluorescence punctates (yellow-
orange, arrows). J-L, merged images of LPR
of Control, Cd and As showing co-localized
fluorescence punctates (yellow-orange, ar-
rows). Each picture was the result of the
superposition of 6 Arabidopsis root sections
analysed by CLSM. Bars = 20 μm. (For in-
terpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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LRs to compensate the peroxisomal-damaged embryonic PR, as a
growth repair mechanism necessary to plant survival in the polluted
context.
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